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ABSTRACT: Using the Weinberg operator, we present a full collection of genuine two-loop
models for neutrino mass generation, which contain a dark matter particle as one of the
internal messengers. These models can be constructed simply by adding new fields that are
singlets or doublets of SU(2), . We ensure the stability of the dark matter candidate by the
addition of a Z, symmetry that will also be used to forbid tree level or one-loop diagrams.
Thus we only present models where the main contribution for neutrinos masses is generated
from the corresponding two-loop diagram. We also discuss a short outline corresponding
to some phenomenological characteristics of these models.
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1 Introduction

The existence of neutrino masses and dark matter (DM) have corroborated the need for
physics beyond the standard model (BSM). While neutrino experiments [1] have continu-
ously supplied us with better information about parameters of the neutrino sector, direct
DM detection experiments [2-4], given the lack in the direct detection signals, have only
provided with bounds on the DM mass. Nevertheless, cosmological evidence [5] has shown
arguably enough proof of its existence.

With the addition of each new field (or any source of new physics), there will be a grow-
ing number of parameters added to the Standard Model (SM). Therefore, connecting this
expanding number of parameters via physical arguments (that should arise from concrete
models) helps reduce the freedom of these variables by tracing them to a single origin. With
this idea in mind, many proposed models have attempted to connect neutrino masses to



DM [6-14], one of the most appealing of which is the Ma-Scotogenic model [15]. Radiative
neutrino models as the above mentioned are very attractive, they not only give a natural
explanation to the smallness of neutrino masses, but also given the new fields added, a DM
candidate may be used as a messenger, ensuring a relation between neutrinos and DM.

The exact nature of neutrinos is still unclear; they may behave similarly to the charged
leptons, i.e., Dirac particles, or entirely different by being their own antiparticles, referred
to as Majorana particles. The existence of heavy Majorana neutrinos is a very appealing
scenario to explain the smallnesses of SM neutrino masses [16].

If one wants to write an effective theory for Majorana neutrino masses, one can start
with the SM Lagrangian and add higher order non-normalizable operators [17],

where A is the energy scale, C" is a constant and O,, is an operator of order n.
It can be shown [18] that there is only one possibility for n = 5, commonly referred in
literature as the Weinberg dim=>5 operator,

Os~L°LHH, (1.2)

where H is the Higgs field, L the SM lepton field, and the SU(2)_ contractions have not
been written for simplicity.

This operator violates lepton number by two units and after the Higgs gets a vacuum
expectation value (VEV), (H) = v, one can use this operator to calculate Majorana neutrino
masses. Given the smallness of neutrino masses, assuming a mass of the order m, ~
O(1071) eV [1], it is possible to conclude that for the dim=5 operator, the constant C
on eq.(1.1) is very small and proportional to the mass scale C' ~ 10712 x (A/TeV). This
equation shows that is possible to have small neutrino masses at tree level with a very high
scale, A ~ (10'5 —10%6) GeV, where new physics is required. Conversely, one can reproduce
small neutrino masses by using a radiative method, with C ~ (y?/47)™ and m > 2, where
m = 2 corresponds to one-loop, m = 3 to two-loop and so on. An approximate calculation
shows that for m = 5 (i.e., four-loop diagrams) the value of the A scale is too low (~ eV),
in other words, within the dim=5 Weinberg operator, it is only possible to reproduce the
scale of neutrino masses up to models with three-loops. Also higher dimensional operators
are possible [19-22]|, although the Weinberg operator remains a more elegant and simple
way to generate the masses.

At tree level Majorana neutrinos can acquire mass via three mechanisms [23], called
seesaw type-I [24-27|, -II [28-32] and -III 33, 34]|. To be able to recreate neutrino exper-
imental data type-I needs the addition of (at least) two fermion singlets, type-II requires
one scalar triplet and type-III needs (at least) two fermion triplets. At one-loop there are
four possible diagrams for the Weinberg operator [35], a study of these one-loop radiative
neutrino mass models with viable dark matter candidates was done in ref. [36]. At the
two-loop level the Weinberg operator has twenty genuine different diagrams (by "genuine"
two-loop models we mean the ones for which, given a specific set of fields, there are no



contributions to the neutrino masses either from tree level (seesaw) or from one-loop.); a
systematic classification of these two-loop realizations was presented in ref. [37].

As mentioned above, another hint for the need of new physics is the cosmological
evidence of a new type of matter. If DM is a particle, present constrains dictate that
it should be color neutral, without electric charge (or a very small one [38-41]), and fit
experimental constraints, as the ones coming from relic abundance and direct detection
experiments [42]. Also the particle must be stable in the sense that must be long-lived
(experimental bounds set this limit around seven orders of magnitude higher than the
lifetime of the universe [43-46]). But given the lacking evidence of DM via direct detection,
indirect detection or colliders, its basic nature has not been determined yet [47], in that
sense DM could be scalar [48-53], fermionic [54-56], vectorial [57-60] or even have multiple
components [61-66].

The electric charge of a particle inside a multiplet is calculated using its isospin I3 and
hypercharge Y. If we require a DM candidate to fit the restriction of non-existing electrical
charge, @ = I3 +Y/2 = 0, we arrive to the condition that only a particle where Y = —2 I3
can be DM.

If one wants a particle to be stable, the most common mechanism is to include an extra
unbroken symmetry that will forbid Lagrangian terms that would induce decay. Particu-
larly, the cyclic Abelian group Z, is most commonly used, Z, being the simplest of these
symmetries. Ten years ago, a new method of stabilizing DM was introduced [67-69]: in
this minimal dark matter scenarios the high SU(2)_ representation of the new fields does
not permit the construction of renormalizable operators that allow the decay of the neutral
component of the new field. Nevertheless it was proven that this scenario is not compatible
with neutrino masses at one-loop, although higher loops might still be possible [70-72].

Electroweak (EW) multiplets that contain a DM candidate will have tree level inter-
actions with quarks via Z bosons, giving a direct detection cross section via nucleon recoil
that are proportional to Y? (the hypercharge squared) [73]. Experimental results have
eliminated these particles as DM, if their mass is bigger than 10 GeV, they would produce
scattering cross sections big enough, that would have been seen given current limits. This
condition eliminates multiplets with even number of fields (i.e., doublets, quartets etc.), ex-
cept those with Y =0 [67-69]. In models with multiple added fields it is possible to have
other kind of candidates if they mix with the above-mentioned particles. Also, there is an
exception in the case of the scalar doublet with hypercharge Y = 1. For these models, that
have two scalar doublets (SM Higgs plus the one added) a mass splitting can be enforced
between the scalar and pseudo-scalar [74], this can eliminate the coupling with the Z at tree
level, leaving only loop induced detection, allowing the neutral component of the doublet
to have a detection rate that is still lower than experimental bounds.

In this article we will present multiple models with two-loop neutrino masses and a
DM candidate that helps to generate the mass of the neutrinos, all of the candidates being
either fermionic or scalar singlets, or a scalar doublet (or a mixture of the latter two). All of
these models are unique and present interesting phenomenological features consistent with
current experimental bounds. We will follow closely the results presented in [37], although
we have two main differences. The first difference is that while they have shown that there



are twenty independent ways to create genuine two-loop diagrams, we only present models
for nineteen diagrams, the reason for this is that one of the diagrams does not give any
viable model that fit our conditions. The second difference is that restrictions for genuine
two-loop models presented in [37] get relaxed with the implementation of the Z; symmetry;
one can see that some fields and interactions that where forbidden since they allow tree and
one-loop contributions, are now allowed in our models.

In section 2 we present the models, including for all of them the corresponding La-
grangian interactions and the neutrino mass equations, while in section 3 we present a
small review on phenomenological applications of some of the fields, that can be used to
discriminate some models. In Appendix A we show all the integrals that are needed to
calculate the neutrino masses., and in Appendix B we show two examples of the models to
clarify some of the aspects of their construction.

2 The Models

In this section we present all genuine two-loop neutrino models that are possible to construct
by only adding to the SM colorless SU(2) singlets and doublets. We do not have a specific
rule to explicitly forbid the one-loop models from appearing, instead, we construct all
possible models that generate a two-loop diagram and eliminate the ones with particle
content that can be used to build any tree level or one-loop diagram. It is important to
keep in mind, that for all of the models that will be presented, all BSM fields contain
only colorless particles, we will not discuss particles that have SU(3). charges as possible
messenger inside the loops, doing so would increase the number of possible models greatly.
Nevertheless, the extension of the models to include colored particles is quite simple: one
just needs to assign the same SU(3). charge to all particles around one of the loops, while
simultaneously avoiding charging the particle that would be the DM candidate. This is
always possible for all models that will be presented. These two-loop setups do allow for
a portion of the particles to be charged under color but still have other colorless particles,
including the DM candidate. Although it is not the focus of this article, we want to remark
that this is one of the more interesting aspects about these models and it embodies one of
the important differences between one-loop and two-loop scenarios.

The results will be divided into two main sections according to the number of fields
needed to complete the diagrams: those that require seven particles (section 2.1) and those
with six particles (section 2.2). The theoretical difference between models in sections 2.1
and 2.2 is that models in the former have solely Yukawa and cubic interactions, while in
the latter a scalar quartic coupling is always present.

While some of the fields used to complete the diagrams can be SM, there is an exception:
the Higgs, a scalar with quantum numbers (2, 1) under SU(2), x U(1)y, cannot be present
in the internal lines since it will fracture the two-loop diagram and generate a one-loop
mass contribution after EW symmetry breaking, this effect has been carefully explained in
section 3.3 of ref. [74]. Furthermore, all new scalars are taken to be inert, i.e., vanishing
VEV, to avoid as well one-loop diagrams from appearing after SU(2)_ breaking. The SM
fields that might be used to complete the loop are then the fermions L = (2,1) and e =



(1,2). The field L appears explicitly in the Weinberg operator and therefore is used as two
of the external legs in the diagrams, it has a left-handed chiral structure encoded in the
projector P, = (1 — ~5)/2. BSM fermions needed to construct the models presented lack
this chiral structure and are vector-like in nature.

There are multiple ways of drawing the two-loop diagrams. We will choose a particular
way for which the figure does not have any crossing lines in a plane (i.e., any vertex in the
drawing will represent a term in the Lagrangian). Sketching them in this fashion will make
the two-loops clear and visually explicit. Based on the drawings, we will divide each section
into two categories and we will label the models in each of them by the category’s number
and a lowercase letter, e.g., for Category 1, with eight possible diagrams, the diagrams will
be numbered from 1.a to 1.h. The diagrams are traced in the standard way, the dashed lines
refer to scalars and the solid lines to fermions. The particles in the loops are generically
labeled! as X; with i = 1 to 7 in section 2.1 and 7 = 1 to 6 in section 2.2.

We assume the presence of a Z; symmetry in all models. This symmetry, introduced
with the purpose of ensuring the stability of the DM candidate, will forbid (when necessary)
Lagrangian terms that can be used to construct type-I seesaw masses and, in most cases,
forbids one-loop diagrams. Since we are considering only singlets and doublets of SU(2), we
do not need to be concerned about scenarios with seesaw type-II and type-I11. Additionally,
since we do not allow fermion singlets with zero hypercharge and uncharged under Z, (i.e.,
right-handed neutrinos) it is not possible to write neutrino Dirac masses.

Following what was explained in the introduction, we are only interested in models that
explicitly have an DM particle functioning as an internal messenger in the loops. Therefore
we have excluded all of the models that, while theoretically allow for a genuine two-loop
neutrino mass and have a field that contains a DM candidate, do not have an electrically
neutral particle in the loop. This can happen, for example, when one decomposes the fields
into their corresponding components and the only contribution to the neutrino mass comes
from diagrams where all of the particles inside the loops have an electric charge.

In order to build the two-loop diagrams we need to specify the SU(2). x U(1)y x Z»
quantum numbers of each particle X;. Models of Categories 1, 2 and 3 have four different
SU(2), possibilities while models of Category 4 have just two, we give these possibilities
labeled by roman numerals (i-iv). The hypercharge Y (with normalization @ = I3 + Y/2)
is encoded in the parameters o and 3, and has integer values —4 < a, 5 < 4. While models
can be built using higher hypercharges, we will not be using those since they would involve
particles with “exotic” electric charge such as ) = 3 or particles with higher charges that
spoil the perturbativity of agw.

In what Z; is concerned, the SM particles transform as even (+) while the BSM par-
ticles transform as either even (4) or odd (—). This ambivalence results from multiple
possibilities to assign the Z> charges while allowing for all the interactions in the loop. Ig-
noring the trivial assignments we have a total of 3 different combinations for the Z; charges,
identifiable by capital letters (A, B, C).

'For simplicity, we dropped the labels of the legs — they should be understood as the SM lepton doublet
L and the Higgs doublet H. Furthermore, when writing the Lagrangians we will make explicit the fermionic
or scalar nature of the fields, substituting X by F' or .S, respectively.



In each section we present the relevant Lagrangian terms for the vertices of the diagram
as well as the neutrino mass matrix that can be calculated after integration. We will not be
concerned either with the exact composition of the Yukawa matrices or with the possibility
to recreate neutrino mixing since one can always use the Casas-Ibarra parametrization [75]
to compute it.

The models are presented in the form of tables; for each Class (diagram) we give the
hypercharge parameters a and 3, the DM candidate appearing in the model, the minimum
number of BSM fields needed to complete the diagram (considering that fields with the
same quantum numbers are the same and taking into account possible SM fields inside the
loop). We also present the number of BSM scalar doublets, with hypercharge ¥ = 1,3
(2%, 2%), and finally we mark if the models contain a doubly charged fermion and/or scalar
without distinguishing their nature, i.e., singlets with hypercharge ¥ = 4 or doublets with
Y =3.

2.1 Seven-particle models

In this section we discuss all two-loop models for which seven particles are needed. The
Lagrangian for these models will only have Yukawa and scalar cubic interactions (although
some of these will only have the first type).

The diagrams can be split in two ways: those for which all external legs couple to
outside particles in the loop - the planar diagrams or Category 1 (Figure 1) and those in
which two external legs couple to an internal line in the loop - the non-planar diagrams or
Category 2 (Figure 2). One has in total 15 different diagrams built with seven particles, 8
in Category 1 and 7 in Category 2.

There are three different Z, charge assignments for each category which are given in
the upper right corner of Tables 1 and 9.

2.1.1 Category 1

Category 1 is composed of 8 diagrams, shown in Figure 1. Each diagram defines a Class;
there are two classes with six Yukawas and no cubic interactions (1.d and 1.g), two diagrams
for which there are five Yukawas and one cubic interaction (1.a and 1.e), three diagrams
with four Yukawas and two cubic interactions (1.b, 1.f and 1.h) and just one diagram that
presents three Yukawas and three cubic interactions (1.c).
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Figure 1. Two-loop diagrams for Class 1.a - 1.h in Category 1.

In Table 1 we show the different assignments (i-iv) for the SU(2). (upper left), the
hypercharge (bottom) and the Z, charge (upper right) assignments. Notice that the hy-
percharge assignment is diagram dependent, i.e., depends on the geometry of the diagram,
and hence one has three different assignments (one for each line of diagrams in Figure 1)

| [ X3 ] Xo X5 Xa | X5 X X

| X[ Xo | X5 Xa| X5 | Xo | X7

1112|112 A+ Tt
w|1]2]2]1]21]2 B T T
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‘ cl=1=1*[=1=1=1-
w| 22|11 12]2|1

L X[ X [ X | X | X | X7 |
a,b,cla|Bla—p|+1] B a |la—1
d,e,flla| B la—p|—-1| B a |la—1

g h||a|Bla-Ff+10+2/a+2(a+1

Table 1. SU(2), (upper left), Z, (upper right) and U(1)y (bottom) assignments for particles X,
to X7 of Class 1.a - 1.h in Figure 1.



Class 1.a There are four models in Class 1.a for which it is possible to generate neutrino
masses and have stable DM candidates. In all the cases the DM candidate is a scalar: 105 in
one model and 2% in the remaining ones. There is an interesting model for which only four
BSM particles are required however this model does not have any doubly charged particle
possible testing at LHC. The results are presented in Table 2.

The most generic Lagrangian is given by,

£1.a = 1ia (FZ PL)F4a S;)L + YZabEa F2b H + YSbCEbFlc S;’)r + }/4“[?10 F7d H

& - | t (2.1)
+ Y% F7d(PL LJ)S(; + MS3S5S6 + h.c.,

where ¢, 7 = 1, 2, 3 are the generation indices of the SM fields and a, b, ¢, d are generation
indices of the BSM fermions.

The mass matrix is then given as,

Yz’a Yab ij + Yib Yba Yaj . .
(a3, = HOEIEN IV o) snamy

2 (2:2)
X Z (_1>a (—1)5 (2m17a m2451>1( + I>Iz2 + I>q<2 — I>((k+q)2> .
a,B=1
The masses map and the angles Oap refer to the mass eigenstate of a particle, X 4p, that
got mixed between particles X4 and Xp and its mixing angle, respectively. The indices
« and f indicate the different components of the mass eigenstates. Hereinafter we will

1,42, k2, (q+k)?
Iy

use this terminology for all the classes. The integrals of type are shown

in the appendix and are computed explicitly in [37]. We should consider for this class
X = {56, Fi74, S3, S5, Foap}-

| | A

1 191

o 2 2 4 3

3 2 1 3 2

DM 1g 25 2g 25

i 5 4 7 6
2L/23 1/x | 2/x | x/x | x/x
FHH/S++ | V/x | x/x | VIV | V¥

Table 2. Realizations of Class 1.a of Figure 1. For each set of SU(2). quantum numbers (roman
numerals) and Z, assignments (capital letters A, B, C) we give the hypercharge in terms of a and
B parameters, the DM candidates, the number of BSM particles (#), the number of Z}g and 2%
present as well as the existence (or not) of doubly-charged fermions (F**+) and doubly-charged
scalars (STF). The symbol v'(x) means present (absent) while the symbol *, if present in the DM
row, means mixing between 1% and 2§. The SU(2)., Z» and U(1)y assignments are given in Table 1.

Class 1.b This class has five models for which one can generate neutrino masses. All
models have scalar DM candidates stabilized by Z, symmetry whose assignment is given



in Table 1. The most appealing model needs five BSM fields to be drawn and presents a
DM candidate that is a mixture between 1% and 215, referred as * in the table of results,
Table 3. The Lagrangian for this class is

Ly =Y{"(LC PL)FS, Sy + YzabfgangS3 + Y:sbjFiﬁcb (PL Lj)S; + NlHSir S7

t ot f (2:3)
+ /L2515253 + u3H5254 + h.c.,
for which the neutrino mass matrix is given by
9 Yia Yab ij + Yib Yba Yaj ] )
(Ml}‘b)ij o (Y5 Y3 41(277‘)8 YY) sin(26017) sin(2624)
(2.4)

2
X S (1A (2msme I+ I8+ 17— LT
a,f=1

with x = {Fs, S174, 53, F5, S24p}-

| | A |
i i i
a -2 4 -2 -2 -3
B -2 3 -1 -3 -4
DM * 25 * 2g 25
# 6 7 5 6 7
2%/23 /1 | 1/2 | 2/1 | 1/2 | 1/2
FYH/ST | < /v | VIV | XV | V]V | VIV

Table 3. The same as in Table 2 for Class 1.b of Figure 1.

Class 1.c There are four models generating neutrino masses via diagram 1.c: two of them
lead to scalar DM and the other two to fermion singlet DM candidates. The models in the
first and last column of Table 4 are similar in all respects other than the Z> assignment.
The Lagrangian for this class is given by

Ly.= (LS PL)F5Ca Sy + Y2ab F?Ca F3y S(T)- + ngc F3y, Fi, 5; + Yzfd Fi.FrgH

d4j 7T ) T (2.5)
+ Y F7d(PLLJ)56 + uHS S, + he.,

where

(e = BV 4 Vievg v )

ij 4(27.‘-)8 sin(2017) sin(2924)

2
X Z (_1)a (-1)/8 (2m17a msms I>1< -+ (m17a — mg — m5) I>]§2 (26)
ps=1

2 2
+(=maz, — m3 + ms) IL + (maz, + m3 + ms) I>(<k+Q) ) ,

with X = {567 Sl7a>F37F57 524ﬁ}~



1

« 2 2 2 2
15} 2 1 -1 2
DM 1z 25 * 1rp
# 5 4 5 6

2%/23, x/1 | 2/x | 1/x | x/1
FHH/S8TH | x/v | x/x | V/x | x/v

Table 4. The same as in Table 2 for diagram 1.c of Figure 1.

Class 1.d This class presents fourteen realizations (see results in Table 5) for the two-
loop neutrino mass generation. The three Z, charge assignments as well as the four possible
SU(2), assignments are present. There is no fermion DM candidate coming from this class
and the most appealing model, a three Higgs doublet model, needs only four BSM fields to
be drawn. The Langrangian is

Lyg=Y{" (L PL)F{, Sy + Y§* F§, FS, H + Y§°FS, F¢, S5 + Y’ F§, (P L;) S}
+ p H ST S7 + g S S S+ he.,
(2.7)
and the mass matrix

(Ml.d)ij =

v

12 (Y'lia Y'gab Y;lbj + Y'4ic Y3ba Ylllj)
4(2m)8

Sin(2017) sin(2945)
2 (2.8)
2 2 2
x 3 (=1 (-1)f (2m45a me Il + 1¥ 4 19 — [+ ) ,
a,f=1
with x = {52, Fisq, 53, Fs, S175}-

| | A | B | c |
i i | i i i o w | i i
! 204231242 |1]3[1]3|1]1]1
B 204|132 4]3[2]2]4]3|4]-3|-1
DM 15 15 25 15 * 15 25 * 25 * 1S * * *
# 6 | 7|5 | 7 |5 |7 |5 |45 7|6 |7 |7T|5
2L/2% I x/1|x/1]12/1| x/2|1/x|x/1|2/1|2/x|1/1|1/1|x/2|1/1|1/1|2/x
FYH /ST VIV VXV XX I XX W WYX X

Table 5. The same as in Table 2 for diagram 1.d of Figure 1.

Class 1.e There are three models that can generate neutrino masses via Class 1l.e di-
agrams, solutions in Table 6 below. In all the models, the DM candidate is a fermionic
singlet. The Lagrangian is written as follows

Ly =Y{" (L PL)FS, Sy + Y FS, FE, H + Y{°FS, Fs, 8§ + Y Fy. Fiq S

_ o (2.9)
+ Y F P H + Y Fr (PLLy) Se + hec.,

~10 -



and the neutrino mass matrix is given by

Yia Yab ch YCj + Yic ch Yba Yllj ] )
(Myl'e)ij = (V5P Yy 64(277)86 CYY) sin(2617) sin(26y5)

2
2
X Z (—1)04 (71)5 <2 M45, M3 M7 I>1< + (m45a — m3 — ml?ﬁ) I)ké (210)
=1

2 2
+ (—muse — ms + mazg) I + (muse + m3 + mirg) I>(<’“+q) ) ,

where x = {S2, Fisq, F3, Se, Fi7s}-

| | A |

t w

o 2 4 3

3 2 4 3
DM 1r 1r 1r

# 5 7 6
2L/23 X/x | x/x | x/2
FHH/stH | x/x | V/x | VIV

Table 6. The same as in Table 2 for Class 1.e of Figure 1.

Class 1.f In this class one has nine models with both fermionic and scalar DM candidates.
In the best case scenario, we need to have five BSM fields to complete the two-loop diagram.
The solutions are presented in Table 7. The generic Lagrangian of this class is
Lyp=Y{" (L% PL)Fyo S} + Vi Foo F§, S1 + Y3°F§, F§, S5 + Y,7 FE, (P Lj) S}
+ o H Sy SE + pg HSTS7 + hee..

(2.11)
The neutrino mass matrix is given by
e B (Ylizz Yzab stbc }/40j 4 Y4w }/Scb Yzbzz Ylaj) ) )
(M, )ij = 1(27)° sin(2617) sin(2645)
2
X Z (—l)a (—1)6 <2m2 ms3 me I>1( + (m2 — m3 — mﬁ) II;Q (2'12)
a,f=1

+ (=ma — m3 +m6)1§2 + (mg + m3 + m6)1§<k+q)2> )

with x = {Fy, Si5a, I3, F6, S178}

11 -



| \ A C

i i i i

oY -2 4 -2 -2 4 -3 -3 4 1

B -2 4 -1 1 1 -3 1 1 -3

DM 1p 1p 25 * * 1p * * *

# 6 7 5 6 7 7 7 7 7
21/23 x/2 | x/2 | 1/1 | 1/1 | 1/1 | x/2 | 1/1 | 1/1 | 11
FYH/SY I x/V | VIV | XV VIV VIV VIV IV

Table 7. The same as in Table 2 for Class 1.f of Figure 1.

Class 1.g Diagram 1.g leads to four models divided by two Z, charge assignments (B
and C) and the SU(2)_ assignment iv. The DM can be both fermion or scalar singlet. The
solutions are shown in Table 8. The Lagrangian is given by

Ly =Y{"(LE Pr)Fe, St + Y5 Fo, Fsy S5 + Y Py Fy H + Y Fy, Foy H

_ L (2.13)
+ Y Py P Sy + YO F, (P L) S7 + hee.,
while the neutrino mass matrix by
(Ml.g) o (Ylia }/2ab 3/5bc Y'ch + }/6720 YSCb }/217(1 iflaj)
v 1] 8
(2m)
3
(2.14)

X > RigRoa (2 m1massame L2 + (2massa — my — mg) I

a=1

+ (=m —m6)132 + (m1 + mﬁ)fskﬂy) )

defining v = {Fos4a, S3, F1, Fs, S7}.

| | B | ¢ |
w w

o} -1 -3 -3 -1

B -3 -3 -1 -3

DM 1 | 15 | 1p | 1g

4 4 5 5 5
21/23 X/X | X/x | X/x | x/X
FHH/StH | V/x | v /x | V/x | V /%

Table 8. The same as in Table 2 for Class 1.g of Figure 1.

Class 1.h This class has no models that allow for a DM messenger inside the two-loop
diagram with the discrete symmetry considered. We give the Lagrangian and the mass
matrix just for completeness:

Ly, =Y (L% PL)Fs, St + Y Fo, F3y S5 + Vi Fay F1,. Sy + Yy Fi. (PL L) St

o H Sy S+ pg H Sy 8!+ hee..
(2.15)
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(Ml.h) o (Y'lia Y2ab YSbc YGCj + Y’ﬁic Y5cb YQba Ylaj)
v (2m)®

3
x ZRIO‘R3Q (2 m1ms3me Iql, + (ml +2m3 + m6) 152 (2'16)

a=1

+(=my —mg) 1T+ (my +7n3+—nm)lg+”2>,

where v = {S934q, F3, F1, Fs, S7}.

2.1.2 Category 2

This category is composed of 7 diagrams, shown in Figure 2. As in the previous category,
the diagrams define a class and they have the following number of Yukawa/cubic scalar
interactions: six/zero (diagrams 2.b, 2.d and 2.f), five/one (diagram 2.g), four /two (diagram
2.e) and three/three (diagrams 2.a and 2.c). The main difference between Category 1 and
Category 2 is the geometry: in Category 2 the two external legs are placed inside the loops

making these non-planar diagrams.

FEREI
¢ ==4 S 4
’ |X5 A}
Loxbtt
X1 X2
2.a 2.b
X7 ',':5_(6 Xy X7 ,I’ X! xs\ Xa
! X5 ,’ X5 ‘|
PR, & .. NS R
X4 X5 Xl X2
2.d 2.e

X Xo

2.g

-

DR
|X5 “
S I
X, X5
2.c

X7 Xb| X,

Figure 2. Two-loop diagrams for Class 2.a - 2.g of Category 2.
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The SU(2)., Z2 and U(1)y assignments are given, respectively, in the upper left, upper
right and bottom of Table 9. This category has four different hypercharge assignments
which are related with the way how the SM fields are organized in the loop.

BB B B B NN ey o oy N SRR B

1 1 1 1 2 2 1 2 N — — — —
" 1 2 2 1 1 2 2
i | 21l 2)2]1]2]1 Bl -+ -+ == ]=
wl 221 ]1]2]1]1 Cl=-l=l+[=]+]1+]=
L el X% [ XN ] X% [ X% [ X |
ab|l al| g la-FB|F-1|a—0F+1|a—F+2|a+1
¢,d| a| B la=F|B+1|a—-F-1 a—f a+1
e,f|| a| 8 |la—pF|B+1|a—pF+1 a—pf a—+1
g al| pgla-FB|B+1l|a—F-1|a—F-2|a—-1

Table 9. SU(2)_ (upper left), Z, (upper right) and U(1)y (bottom) assignments for particles X
to X7 of diagrams 2.a - 2.g in Figure 2.

Class 2.a This class presents four solutions and the DM candidate is a mixture of the
neutral states in 1% and 2}9 in all of them. The most appealing model requires four BSM
fields but has no doubly-charged particles in it. The results are summed up in Table 10.
The Lagrangian for this class is given by

Loy, =Y{* (LS P)Fy, 51 + Y B, Fuy S;»i + ngj Fiy (P Lj) S7 + p1 5456 5;

; ; (2.17)
+ po H S5 S5 + p3s H S355 + h.c.,
for which the neutrino mass matrix can be written as

o .
(e O Vv
v J)ij (27)8

3
) Z R0 R3q (2m1 my I}, — 152 - ];f + [)((k‘FQ)Q)
a=1

(2.18)
with x = {F3, S4, S356, F1, S7} and R;, are the components of the 3 x 3 rotation matrix.
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i i

e! 2 -4 3 1

B 3 -3 4 2
DM * * * *

# 5 6 6 4
2L/23 2/1 | 1/1 | 1/1 | 3/x
FYH St | v /v | VIV | VvV | x/x

Table 10. Realizations of diagram 2.a of Figure 2. For each set of SU(2). quantum numbers
(roman numerals) and Z;, assignments (capital letters A, B, C) we give the hypercharge in terms of
« and /3 parameters, the DM candidates, the number of BSM particles (#), the number of 2} and
2% present as well as the existence (or not) of doubly-charged fermions (F*1) and doubly-charged
scalars (S*T) particles. The symbol v'(x) means present (absent) while the symbol *, if present in
the DM row, means mixing between 1% and 2}. The SU(2)., Z, and U(1)y assignments are given
in Table 9.

Class 2.b  For this class, we found seven models three of them with 1% as a DM candidate.

There are two similar sets of solutions for SU(2), assignment 7 but with different Z,

charges. See the results on Table 11. The Lagrangian of this class is given by
Loy, = Y{* (L% PL)FS, Sy + Y3 FS, Fo, S+ Y Foy Fs. H + Y{" F5, F3, H

_ C (2.19)
+ Y&y Fi, ST+ YO F, (PL L) S7 + hee.,

the neutrino mass matrix is then

(MQ.b) o (Ylia Yzab Y5bc Y*ﬁcj + Y6zc Y5Cb Yzba Ylaj)
v (2m)8

3
2
X Z Ri,Ro0 <2 M1 M356a M4 I)lc + (— m1 — M356a + m4)Il>z
a=1
2 2
+ (+m1 = masea — ma) IL + (ma+ masea + ma) LD ) ’
(2.20)
with x = {S2, Fy, F35a, F1, S7}.

| | A | ¢ ]
1 141 141
« -4 2 1 1 3 -1 1
B -3 3 0 2 4 -2 0
DM 1p 1r 1g 1r 1rp 1g 1g
# 6 5 ) 4 6 ) 4
2%/23 X/2 | x/2 | x/x | x/x | x/x | x/x | x/x
FHH/STH |\ V/V | XV | V/X | x/x | V/V |V /x| V/x
Table 11. The same as in Table 10 for Class 2.b of Figure 2.
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Class 2.c Diagram 2.c is possible doing with ten different sets among which three require
only the existence of five BSM fields. The DM candidate in this class is the mixing of the

neutral component of 1% and 2%.
The interactions from diagram 2.c are given by

Lyo =Y (L PL)F3, S5 + Y§¥ Py, F1, S5 + Y7 Fyy (PL Lj) Sv + 1 5456 55

: ’ (2.21)
+ pu2 H S5 S5 + pz HS2 Sy + hee.,
for which one extracts
aya bj ib v ba v a7
ey (VYR Y + VP YY) :
(M, )ij = 1(27) sin(26024) sin(20s6)
5 (2.22)
< Y (-1 (-1)f <2m1 ma I} + IF — 17 + Ig’“q)Q) :
a, =1
as the neutrino mass matrix, p = {S24,, F3, Ss6, 57, F}.
| | A | B | C
) 1 w ) ) 1 v
o' 2 -4 2 1 3 -2 -2 -4 -3 3
I3 0 -1 -1 -1 -1 -3 0 -1 -1 -1
DM * * * * * * * * * *
# 5 7 6 5 7 6 5 7 6 7
2L/23 2/1 | 1/2 | 1/2 | 2/x | 1/1 | 2/1 | 2/1 | 1/2 | 1/1 | 1/1
FYH /ST X/ | VIV | VIV | X< | VIV | XV | XV | VIV | VIV | VIV

Table 12. The same as in Table 10 for diagram 2.c of Figure 2.

Class 2.d In this class we have eleven models with both fermion and scalar singlets as DM
candidates. The minimal scenario requires four BSM fields and has neither doubly-charged
particles nor scalar doublets. The solutions are presented in Table 13. The Lagrangian for

this diagram is
Loq=Y{"(L% PL)FS, S5 + Y3" FS, F§, H + Y{* F§, Fi, S} + Y{"Fy, Foy H (2.23)
+ Y Py 1, S + Y/ Fr, (PLLj) S7 + hec., '

that leads to the neutrino mass matrix given by

2ay _ (YEOYEO VG + YV Y V)
(M), = 8
J 4(2m)

(_1)a (—1)’5 (2 ma m565 mosa I;
1

sin(2924) Sin(2056)

i

[0}

2 2
+ (masa — mses — ma) Iy + (m1 — msgs — Mosa) 17

+ (m1 + mseg + m24a)If(,k+Q)2> ;
(2.24)

with p = {F4,, S3, Ss64, S7, F1}.
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1 w
o 2 3 3
3 1 1 1
DM 1p 1p 1z
” 6 7 7
2%/23 x/2 | x/2 X /% X /X
Fr/StT AR VIV VIV

Table 13. The same as in Table 10 for diagram 2.d of Figure 2.

Class 2.e There are fourteen models leading to neutrino mass via diagram 2.e whose the

Lagrangian is

Ly, = Y{"(LS; PL)F5, Sé + Y5 F5, Fsy H + Y3 F3 Fy, S; + Y e (Pr L;) Sz

+ 1S4 S6 ST 4 pg H Sy 8] + hec..

The matrix M, is given by

(M),

for p = {S244, S6, Fas, S, F1},

o (Y YR Y4bj + Yy Y1aj)

sin(2924) Sin(2935)

2
x ) (=) (=1 (2m355m1 TN LA ) 1;k+q>2) ’
avB:]-

4(2m)8

(2.25)

(2.26)

Among the solutions, presented in Table 14, there are models with a scalar singlet as
the DM candidate and solutions where the DM is the mixture between 105 and 2%. All the

models apart from two have at least one doubly-charged particle.

|

A

|

1%

«

w

-1

B

[an}

3

DM

2
0
*

1
0
*

1s

i

6

5

| %

7

25/25

1/1

2/x

1/1

X /2

x /1

FH/SH v /v

VIV

X /X

VIR

VIV

v IV

Table 14. The same as in Table 10 for diagram 2.e of Figure 2.

Class 2.f This class has sixteen models, summarized in Table 15. The interactions present

in this diagram are given by

Log=Y{" (L% PL)F§, S5 + V3" FS, Fip S5 + Y{ Fuy Fao H + Y Py Fiy S}
+ YU Py (PLL;) Sy + nHS3S! + hee.,

17 -
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where the neutrino mass M, is given by

Yia Yab ch YCj Yic ch Yba Yllj
(Y Y32 Yo Vs + Yo VP Yot Yy )sin(2924) sin(2635)

|

M) =
( v )z] 4(27T>8
2
2
xS0 (=D ()P (2mimpame Iy + (mare — my — me) 15 (228)
a,B=1
2 2
+(m1 — M24a — m6) Ig + (m1 + Moga + mﬁ) I/gk+q) )
with p= {F24on Fg, 83557 S7, Fl}.
| A B C
1 117 w 119 w ) 19 1
Q -4 2 3 1 1 -1 -1 -1 -1 -4 2 -1 3 -1 1 -1
15} 0 0 0 2 -1 -4 2 -3 3 0 0 -4 0 -3 | -1
* ]-S ]-S 1F ]-F 15' ]-F ]-S ]-F 15

DM | 1p | 17| 1p 17 | 15 | 1g

# 716 716 |6 7 6 6 7 7 6 7 7 6 5

2L/23 | x /2% /2| x/1|1/x | x/1|x/1|x/1|x/1|x/1{x/2]x/2|x/1|x/1|x/1|x/1|x/1

FH ST v < [V VX IV IV I I I I S W Y e I < e v

Table 15. The same as in Table 10 for diagram 2.f of Figure 2.

Class 2.g The last class of this section contains five models with either scalar singlets
or fermion singlets as DM candidates. All the models have doubly-charged fermions and

scalars. The solutions given in Table 16 have the following Lagrangian,

Loy =Y{" (L% PL)Fs, S5 + Y§* s, F1, S§ + Y Fyy Fr  H + Y Fr, Foy Sy (2.29)

+ Y Foq(PLLj) S5 + pHS2 Sh + hee.,
and the neutrino mass matrix is given by

Yia Yab ch YCj + Yic ch Yba Yaj ) )
(Mf'g)ij:( L -2 -4 Z(QW); 4 "2 1 )s1n(2917) sin(2624)

(2.30)

2
x 3 (—1)* (-1)° (2m3 mara me I} + (m + me) I
,B=1

«

+(—m3 — ma)I,?2 + (m3 + 2ma7 + me)lflkﬂ)z) )

for n = {S244, F3, S5, Fs, Fi7g}.
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o 4 0 2
B 3 3 3
DM 1s | 1p | 1g
# 6 6 6

21/23 x/1 | x/1 | x/1
FYH/St | v /v | VIV | VIV

Table 16. The same as in Table 10 for diagram 2.g of Figure 2.

2.2 Six-particle models

In this section we separate the possible diagrams into two categories based on the quartic
coupling they have: diagrams that have a coupling of H S; Sj Sk type (section 2.2.1) and
those with the coupling H H S; S; (section 2.2.2), where S; ;1 refer to BSM scalars that
can be singlets or doublets.

2.2.1 Category 3

This category is defined by the presence of a term of the form H S;S; Si in the scalar
potential. The diagrams within this category are shown in Figure 3 while the assignments
for SU(2)L, Z, and U(1)y are given, respectively, in the upper left, upper right and bottom
charts of Table 17 (Class 3.a and 3.b) and Table 18 (Class 3.c).

: .
' 1
1
PR REIN e 1 S - o
X K : ~‘\ X5 Xb' . ! . X5 Xg '»' :X:s‘ X,
1 I
! X, : X, Y R \
1
: : ! . N : O
T 1 1 L
X; Xo'X,y X1 X9l Xy
' X1 X
3.a 3.b 3.c

Figure 3. Two-loop diagrams for Class 3.a - 3.c of Category 3.
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I E BN BN BTN B B R e 5oy b PN PRI E
i1 1] 1]2]1]2
i A+ - =-]-|-[+
1 1 2 2 1 2 2 Bl — |+ | = |+ + | =
i 2 112211 c
wl 22111121 Sl Bl e 8 el el

B|lB+1| B |a+1
b| « B la=p|B—-1] 08 |a+1

Table 17. SU(2), (upper left), Z, (upper right) and U(1)y (bottom) assignments for particles X3
to Xg of diagrams 3.a and 3.b in Figure 3.

B SR B Y BN ey 5 o s P A s AR IR

nnE RS

il 2 1] 2] 2]1]1 W e s e M

wl| 221121 Cl=-l=-l+l=1+1=
[ X 0% X [ X0 | X5 [ Xg |

|
la] a | B|la-B|B-1]a—B+1|a+1]

Table 18. The same as Table 17 for diagram 3.c in Figure 3.

Class 3.a We compile in Table 19 the fifteen models found for this class. Among the
solutions seven have no doubly-charged particle. The DM candidate is, in all models, a

scalar. The Lagrangian is given by

Lyn =Y (LS PL)Fyq S1 + Y§2 Fyy Fop H + Y Foy F1. S

i — i (2.31)
+ Y Fi.(PLL;j)Se + NH S5S5 5] + h.c.,
leading to the neutrino mass matrix
v (Yia Yab ij + Yib Yba Yaj)
3. _ 1 T3 ¥4 4 T3 1y .
(MV a)ij — 2(27r)8 sm(2924) X
(2.32)

2
Z(*l)a_l (2 (m24)a M1 I>1< + Iff — I;f + I)(<k+q)2> ,

a=1

where X = {55, Sg4a, 53, Fl, 56}

—90 —



A B C

? wo| e | w1 190 0 1% w
« 412221123 |-1}-1}-1]-1|-1]-1]-1
B -4 -2 2 1121|2221 |-4]|-2]-3|1]3

DM 15 ]_s 1S 25 25 * * 25 * 15' 15 ]_s 1S * 15
# 6 |55 |4 |55 |4|4]4]4]6]5]6]|5]|6
25/23 | x/1|1/x|x/1|2/1|1/x(1/x|1/x|1/x|1/x|1/x|x/1|1/x|x/1|1/x|x/1
FHH /ST [V X )XW VX VXX XX XNV XX )W) XXV

Table 19. Realizations of diagram 3.a of Figure 3. For each set of SU(2), quantum numbers (roman
numerals) and Z, assignments (capital letters A, B, C) we give the hypercharge in terms of o and
3 parameters, the DM candidates, the number of beyond SM particles (#), the number of 2% and
23 present as well as the existence (or not) of doubly-charged fermions (F*1) and doubly-charged
scalars (ST1) particles. The symbol v (x) means present (absent) while the symbol *, if present
in the DM row, means mixing between 1% and 2L. The SU(2)., Z> and U(1)y assignments are
given in Table 17. In red we marked models with at least one even-charged Z5 scalar doublet with
hypercharge Y = 1 that generically can create FCNCs.

Class 3.b This class contains sixteen models all of them with a scalar as a DM candidate.
The results presented in Table 20 show that only two models have no doubly-charged
particles. The interactions present in this class are given by

Loy, = Y{* (L PL)Fay S} + Y3 oy 1y, Sh + YU Fry (P Ly) S6 + pwH Sy S)

: (2.33)
+ )\HS?,S5S6 + h.c.,
which have the following neutrino mass matrix,
v (Yia Yab ij + Yib Yba Yaj)
3.b _ 1 2 3 3 2 1 :
(Mu )ij = 2(27[-)8 sm(2945) X
2 (2.34)
S0t (2mme I+ 1 = IE 4+ [0
a=1
Where X = {FQ, F45a7 Sg, Fl, 56}
| \ A B | C
) 1 ) ) 101 W | 1
Q 212 1-4]-2]|-2]| 2 3 (1-2|-4]-3|-1]31]-2]-1
I3 212 ]1-3]-1]1 11324 ]-2|-3|-2|-2]4]1]|-2
DM 1g | * | 25|25 | * * |25 |25 |25 | * |29 |29 | * |25 | * | 1g

Ut

4+ |5]5]6]4 als5 465655656
2L/23 [1/1]1/1]1/23/x[2/1|2/1]1/2]2/x[1/1|1/1]1/2]1/1 |1/t ]1/1]2/1]1/1
FHF 15TV VI VX X x XV V) < e v v v x v vk v v

Table 20. The same as in Table 19 for diagram 3.b.
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Class 3.c From the seven models of Class 3.c only one has a pure scalar singlet as DM
candidate being the remaining ones a mixture between 1% and 2}9. The result of this class

with the Lagrangian given by

La.=Y{" (LS Pp)Fa, SI + Ys* Foy Fry 3 + Y Fry (PLLj) S + pH S3.53

(2.35)
+ AH 8485 S} + he.,
are presented in Table 21.
The neutrino mass matrix is
v Yia Yab ij 4 Yib Yba Yaj )
(MEC)Z] _ ( 1 2 2?27[-)8 3 2 1 )Sln(2635) «
(2.36)

2
_ ) ) ,
Z(_l)a ! (2m1m2I>1< + I]; - IT + [>(<k+Q) ) :
a=1

where x = {F> Sy, F3s,, F1 S6}.

| | A | ¢ |
i i i i
e 2 2 -2 -4 3 1 -2
B 2 3 1 -3 4 2 1
DM * * 1g * * * *
# 4 5 5 6 6 4 6
2L/2% 2/1 | 1/1 | 1/1 | 1/1 | 1/1 | 3/x | 1/1
FTH/ST I x/V | VIV | x/V | VIV | VIV | x/x | x|V

Table 21. The same as in Table 19 for diagram 3.c. The SU(2)., Z; and U(1)y assignments for
this model are given in Table 18.

2.2.2 Category 4

This category contains two different classes for which a scalar term H H S; S; is present.
The SU(2). and U(1)y assignments are given in Table 22 while the Z, charges are given in
Table 23 for both 4.a (left) and 4.b (right).

————

4.a 4.b

Figure 4. Two-loop diagrams for Class 4.a and 4.b of Category 4.
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X[ [ Xa [ Xa [ Xo[Xo| [ [Xa[Xo| X | X4 | X5 | X |
w1221 (2]|2 alla | Bla—B|f—1la—FB+2|a+1
dil 2112221 bl al|Bla-Blat2la-—p+2la+1

Table 22. SU(2). (left) and U(1)y (right) assignments for particles X; to Xg of diagrams in
Figure 4.

L [ X [ X [ Xo | X [ X5 [ X | [ [ X0 [ X[ X5 [ Xa | X5 | Xo |
AT+ =-T-=-T=-T1T=-T+1 [A+]-]-T+]-1+
B - [+ |-+ -]~ B - [+ -[-]-1]-
cl-T1-1+]-1+1- cl-1-T+[-1T+1-

Table 23. Z, assignments for particles X; to Xg of diagrams 4.a (left) and 4.b (right) of Figure 4.

Class 4.a The seven models found for this class are summarized in Table 24. Two of the
models have no doubly-charged particles and for the first time we find a model that requires
only three BSM fields to be complete. The interactions in this class are given by
Lo =Y (L% PL)FY, S5 + Y5 FS, F§, S5 + Y3" F§, (P L;) S| + pSi S} ] (2.37)
+ AHHS350 + he., '

which lead to the following neutrino mass matrix

.. ia Vv a bj ib vy ba \aJ
panii (Y YS + YV YY)
(My#)" = 22" sin(26s5) x

2 (2.38)
_ 5 )
g (—1)a 1 (2m4m6 I>1( + IX — I)% 4 I)((k+q) ) ,
a=1

where x = {S2, Fy, F35,, S1, S6}.
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i it
a -2 -4 3 1 -3 -3
B -1 -3 4 2 0 0 -2
DM 25 25 25 25 * * 25
# 3 5 5 4 5 5 4
2L/23 1 3/x | 2/1 | 2/1 | 3/x | 2/1 | 1/2 | 2/1
FHH/STH | x/x | V/V | VIV | x/x | XV | x/V | V'V

Table 24. Realizations of diagram 4.a of Figure 4. For each set of SU(2). quantum numbers (roman
numerals) and Z, assignments (capital letters A, B, C) we give the hypercharge in terms of o and
3 parameters, the DM candidates, the number of beyond SM particles (#), the number of 2% and
2% present as well as the existence (or not) of doubly-charged fermions (F*1) and doubly-charged
scalars (S*T) particles. The symbol v'(x) means present (absent) while the symbol *, if present
in the DM row, means mixing between 1% and 2}. The SU(2)_, Z, and U(1)y assignments are
given in Table 22. In red we marked models with at least one even-charged Z5 scalar doublet with
hypercharge Y = 1 that generically can create FCNCs.

Class 4.b This class has only two models requiring four BSM fields each. They both
have doubly-charged particles and two scalar doublets in addition to the SM Higgs. The
details of these two solutions are given in Table 25, and their interactions are given by the
following Lagrangian

Ly, = Y{* (LS PL)Fy, Sé + Y9 Fyy Foy S5 + Y3 Fyy i, 5; + Y, Fi, (PrL;) S
+ AHHS3S, + he..

(2.39)
The mass matrix is given by
i by be y¢l i b vy ba v ad
(M;L.b)ij _ (Y Y3 YoV ) + YoV vy vy )sin(2035)
2(2m)8
2
X Z(—l)a_l (27711 mo m4I71 + (m1 + 2mo + TH4) 152 (2'40)
a=1

+(—my — m4)I§’2 + (ma +m4)I§k+q)2) ;

where v = {F3s,, Fb, F1, Fy, S¢}.
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Q -1 1

B -2 2
DM * 25

# 4 4
2L/23 1/1 | 2/x
Ftt/st+ [ /v | v/x

Table 25. The same as in Table 24 for diagram 4.b.

3 Some Remarks on the Models Phenomenology

In this section we briefly comment on some phenomenological aspects of the models pre-

sented above.

3.1 The Scalar Sector

Depending on the specific diagram, two-loop radiative neutrino masses require six or seven
internal messengers to close the loop. More concretely, the number of additional scalars
that need to be added are controlled by the number of Yukawa interactions and cubic scalar
terms of each diagram. Four diagrams (1.e, 1.g, 2.b and 2.d) need the addition of only two
scalars, six diagrams (1.a, l.c, 2.g, 2., 3.a and 4.b) require three extra scalars, seven models
(1.d, 1.f, 1.h, 2.e, 3.b, 3.c and 4.a) use four extra scalars and finally three diagrams (1.b,
2.a and 2.c) employ five additional scalars. By inspection of the models one can see that
the simplest scalar sector is for a model for which one has the SM Higgs plus two singlets,
while the more complicated scalar sector will be for a model with the SM Higgs, plus three
doublets and two singlets. Although each model has a specific scalar potential, it will be
a combination of the SM Higgs potential plus the contribution coming from singlets with
hypercharges Y = 0, 2, 4 and /or doublets with hypercharges Y = 1, 3.
The scalar potential for the pure SM is given by

Vem = (mpy)2 (H'H) + %H (HYH)?, (3.1)

while the generic scalar potential for SM plus scalar doublets is given as
Vi =T (8l dn) + T (xh xs)
+ AP (0] dn) (6] da) + A5 (] 60) (e - ) + hc.,

where a and b represent different fields. ¢ refers to a BSM scalar SU(2) doublet with Y =1
and x is a SU(2)L doublet with Y = 3. For a or b =1, ¢y = H, is the SM Higgs.
In the case of doublets plus singlets (.S;), the generic scalar potential has the extra

(3.2)

terms,

Vo = A1(S; S;) (6L &) + X2 (Sy—oSy—s) (6, &) + A3 (Sy—2Sy—_4) (¢, &)

+ A (Sy—2)” (H - x) + A5 (Sy=0Sy—4) (H - x;) + h.c.,
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where, in addition to the labels in the last equation, we have the indices ¢ and j that
represent different singlets with the same hypercharge.
Finally, the potential with the cubic terms is given by

Vs =1 Sy—o &} ¢y + 112 Sy—y (Pa - d) + 113 Sy—g 8l xo + pa Sy—y (b x) + hoc..
(3.4)

Note that the scalar potential given above is very generic and each specific model
contains different terms. This is not only because of the difference between the particle
content of each model but also due to the presence of the Z, symmetry that forbids certain
terms from appearing. The expressions given above in eqgs. (3.1)—(3.4) are generic and need
to be taken together with the Z, charge assignments.

When writing the potential we have considered H as the only scalar that will acquire
a VEV, i.e., the BSM scalars are all inert 2. Although in most cases H is, in fact, the SM
Higgs, this is not the case for all models, the reason for this has to do with the fact that
in some models it mixes with other scalars. It is very common in the literature to add an
ad hoc Z symmetry which forbids the terms that mix the SM Higgs and other doublets
(A" and mpy; terms). In our case the Z, charges are fixed by the two-loop diagrams, this
allows some models to have a scalar doublet ¢ with the same Z, charge as the SM Higgs
and hence mixing them. This implies that there could be cases where the SM Higgs is the
lightest of a two-eigenstate system {HY, ¢%}.

Note that one could also think of models where p; mixes a hypercharge Y =1 scalar
doublet, ¢, with a neutral scalar singlet, Sy. In this generic case, the SM Higgs is now the
lightest of the system {H" ¢", Sg}. Given the Z, assignments, none of the models in this
article have these three eigenstates at once and we do not need to be concerned about these
cases.

In section 2 we showed for each model the number of scalar doublets needed. In twenty
four of the models the scalar sector only consists of the SM Higgs plus singlets. Also, it
can be seen that some of the models that were presented have a scalar potential that has
been studied in multi-Higgs-doublet-model (MHDM), more exactly there are fifteen 2HDM,
nine 3HDM and five 4HDM. These models are a simple extension of the SM obtained
by adding scalar doublets and they have been thoroughly studied in the literature, see
e.g. [76]. The most common MHDM contains only SU(2)_ doublets with hypercharge ¥ =
1, nevertheless, we can see that most models exhibit more of a modified structure since
they include also doublets with hypercharge ¥ = 3, that have been studied a little in
literature [77-81] and still require more analysis. The addition of inert singlets does not
affect the phenomenology [82] of MHDM models.

3.2 Flavor Changing Neutral Currents

In the simplest of these cases, when a second Higgs scalar is added to the SM, then the
two Higgs doublets will allow SM fermions to couple to up-type, down-type fermions and
leptons. Therefore, generic Yukawa couplings are not allowed without inducing dangerous
contributions to flavor-changing neutral currents (FCNCs). In other words, in the NHDM

2This is so to ensure the two-loop diagrams are genuine and cannot be broken into lower order diagrams.
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generic case the are terms in the Yukawa Lagrangian that will create unwanted FCNCs |76,
83-85].

This will be translated into our models, that unless some other physics is involved,
there should be a restriction for the models to contain an even-charged Zs scalar doublets
with hypercharge Y = 1 (other than the SM Higgs) [86]. For this reason we kept all such
models marked in red in the results shown before. Luckily models in Category 1 and 2 never
have this field. The reason is that whenever this field appears it is always accompanied by
fields that allow for one-loop realizations. Nevertheless, this is not the case for Category 3
and 4 where only a limited number of such models appear.

There are many possibilities of how to avoid FCNCs in these multi-Higgs models, the
most common is to chose the Z; of the scalars to forbid in the Yukawa terms the dangerous
contribution [87].

However, the models in this paper lack this freedom, since the Z, charges are assign
uniquely based on what the two loops diagrams permit. Other option is to chose the VEV
alignment of the scalars, but once again in all the models presented only the SM Higgs gets
a VEV, and therefore this is not a solution to eliminate FCNCs. Nevertheless, there are
options of how to eliminate FCNCs, for example, hierachical, Yukawa-alinged, VEV-aligned,
minimal flavor violation models [88-94].

3.3 Addition on Triplets

Interestingly, none of the models presented have both fermion and scalar as possible DM
candidates at the same time. This statement changes if we relax the condition of having
just singlets and doublets and introduce SU(2)_ triplets. In fact, all the diagrams presented
can be extended to include SU(2)_ triplets, to do so, one needs to trade in each vertex of
the type doublet-doublet-singlet, the singlet for a triplet and in the singlet-singlet-singlet
vertices, two singlets for two triplets or all singles for triplets. Such an extension allows us
to find solutions that were previously not viable due to our restrictions, particularly those
that can create neutrino masses but have no DM particle inside the loop or those for which
the external legs were not all neutral. However, the introduction of triplets escalates the
number of allowed models. As an example, we use diagram 1.d; without triplets there are
14 possible models, with them we found 162. Even if other diagrams do not behave as
dramatically as 1.d, it is clear that the number of models, if one wishes to include triplets,
would be too great to be presented in a concise manner. One needs to be aware that the
addition of SU(2) triplets to the models needs to be made carefully since they might induce
neutrino masses at tree level via type-II and/or type-III seesaw mechanism.

3.4 Doubly-Charged Particles

In section 2 we showed all models that can generate genuine two-loop neutrino masses when
considering the condition of adding just singlets and doublets to the SM. This condition was
implemented, mainly, to keep the amount of presented solutions to a manageable number
but also to restrain how “exotic” the new fields are. Nevertheless, most of these models do
contain at least one peculiar particle characterized by having an electric charge @ = 2.
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The total number of models presented is 141, out of those 118 have the presence of
at least one doubly-charged particle: 15 have doubly-charged fermions, 33 doubly-charged
scalars and 70 have both. Given our construction these particles can only be singlets with
hypercharge Y = 4 or the component of a doublet with Y = 3.

The connection between neutrino masses and doubly-charged particles is not new and
it has been studied since the Babu-Zee model [95] which includes a doubly-charged scalar
singlet.

The possibility of detecting such a particle at colliders has been discussed in the lit-
erature [95-100] and several searches are being done at the CMS [101] and ATLAS exper-
iments [102]. Because they have not been found, these experiments have set bounds on
their masses. For example, a thorough study has been done in Ref. [103] of possible LHC
discovery of doubly-charged particles, considering spins 0, 1/2 and 1 together with different
SU(2)_ assignments, singlets, doublets and triplets. One of the interesting characteristic
for these searches is that the SM background is suppressed making these signatures easy
to analyze. Any positive signature would be excellent to discriminate between many of the
models.

Doubly-charged particles coming from singlets or doublets will have different decays
and therefore different signatures. There are multiple channels for production of doubly-
charged particles, but the production via s-channel gauge-boson exchange in the one with
the biggest branching ratio:

pp— WH 5 XTHy—, (3.5a)
pp— (Z)y*) = XTT X (3.5b)

In eq. (3.5a) X and Y represent two different particles from the same doublet while in
eq. (3.5b) X represents either a singlet or a doublet.

One of the possible phenomenological differences between singlets and doublets is that
singlets can only decay through the second channel, eq. (3.5b), given they do not have
W-boson interactions.

Once a doubly-charged particle is produced its subsequent decay depends on the speci-
ficity of the model, namely on the nature of the particle, fermion or scalar. Therefore the
final collider signatures and their corresponding branching ratios would be able to distin-
guish between singlets and doublets, and fermions or scalars [77-79]. In particular, the
shape of the invariant mass distribution my, for the final states will allow to distinguish
between doubly-charged fermion or scalars in the initial state, while the scalar will exhibit
a sharp peak around its original mass, the fermion will not display this peak [80].

3.5 Parameter Space and Scale

We will show that the atmospheric neutrino scale mgs, = 0.05 €V can be obtained for a
benchmark point where we keep the numerical value of the Yukawas perturbative, Y, <
V47, Furthermore the value of the cubic parameters, j, is restricted by the one-loop
induced quartic coupling (Aeg < 1) which is about the mass of the Higgs times a constant
that depends on the masses hierarchy. For benchmark purposes we will use p ~ 4my, [95]
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where we consider the mass of all fields heavier than my,. In this exercise we will determine
the approximate scale of the messenger particles inside the loops.

After the Higgs acquires a VEV, v = 174 GeV, the internal propagators connected
to the Higgs leg will mix and that will reduce the number of internal messengers in the
loops. All diagrams will have five messengers. Diagrams 1.g, 1.h, 2.a and 2.b are special
in the sense that the mixture creates three-state eigenvalues. Diagrams of Category 3 have
an H S; S; S vertex that does not create mixing, leaving only one vertex that does so
(and reducing the number of messengers from 6 to 5). Diagrams of Category 4 have an
H H S; S vertex that creates the mixing but since it is the only one that does so (the
same as in Category 3) the internal messengers only get reduced by one unit. This has the
consequence that most of these diagrams have the same generic integrals, with the exception
of 1.g, 1.h, 2.g and 4.b (one can see that this is due to the position and composition of the
external legs, compared to the other diagrams of the same category), although the integrals
of these diagrams are still similar to the aforementioned.

We will use the results from Ref. [37], in it, all of the two-loop integrals needed for the
masses were calculated in a model-independent fashion.

When calculating the neutrino masses we will always use the mass-eigenstate basis,
in this basis these models will always have particles that get mixed by the Higgs in the
external legs. Depending on the model there are two types of mixing angles, those that are
proportional to a Yukawa, Y (these angles mix two fermions), and the angles that mix two
scalars (these are proportional to a cubic coupling u),
2Yv " 2pv

tan 2012 = W s
1 2

tan 207

___=tv 3.6
b= 3 i (3.5)

where the indices 1,2 refer to the two different mass eigenstates.

It is convenient to introduce a variable that parametrizes the degeneracy between two
mass parameters, Ms = deg x Mi. Also, the scale of the new fields added is such that
M > \/2uv > 2Y v, generically speaking the value of the mixing angles will be very small,
unless we consider that the mass eigenstates are quasidegenerate.

To illustrate the scale of the new physics required in two-loop neutrino mass models,
we use class 1.e as an example. To keep the analysis manageable, we will use a simplified
parameter space, where all Yukawas are set equal to each other, the cubic couplings are all
equal and have a value of p = 500 GeV (this being a limit case, as explained above). The
mass of the particle in the middle of the loop, i.e., the one with no interactions with charged
leptons (which in most cases is the DM candidate) will be set to Mpy = 5000 GeV, all other
masses will be scaled to this one. Also, we will set both parameters deg equal to each other
and use values away from the degenerate and quasidegenerate cases. Figure 5 shows the
value of the generalized Yukawa for different values of the messenger masses, parametrized
by the ratio squared of the mass divided by the DM mass. Values above the dashed line
will require Yukawas that are non perturbative, making this region of the parameter space
unacceptable. All of the lines have peaks that are caused in the calculation by accidental
cancellations of parameters. One can see from the general trend of the plots that one or
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two of the masses can have a very high scale (higher than PeV), as long as all other are
kept at a TeV scale.

Y]
10 — 1
5 2
— 3
— 4
1t — 5
0.5) — 6
1, 1 1 2
1 100 10* (Mx/Mow)

10° 108

Figure 5. Absolute value of the generalized Yukawas as function of the ratio Mx/Mpas squared.
The benchmark values are: 1. (Mg, /Mg,)* = 1, (Mg, /Mp,)* = 1.1, (Mg, /Mp,)* = 1.5, deg = 5,
2. (Mg, /Mp,)* = 10%, (Mp,, /Mg,)* = 1.1, (Mp,, /Mg,)* = 1.5, deg = 5, 3. (Ms,/Mp,)* = 10'2,
(MF45/MF3)2 = L1, (MF17/MF3)2 = 1.5, deg =5, 4. (MS2/MF3)2 =1, (MF45/MF3)2 = 1.1,
(Mp,, /Mp,)?* = 1.5, deg = 50, 5. (Mg, /Mpg,)* =1, (Mg,,/Mp,)* = 1.1 x10*, (Mp,, /Mp,)* = 1.5,
deg =5, 6. (Ms,/Mp,)*> = 10%, (Mg, /Mp,)* = 1.1 x 10*, (Mp,, /Mp,)* = 1.5 x 10%, deg = 5.

3.6 Number of Generations

After symmetry breaking there are two types of models: the ones where M, ~ YéaYé‘bYﬁj +
Y;bYﬂbaYﬁj (L.a, 1.b, 1.d, 2.a, 2.c, 2.e, 3.a, 3.b, 3.c, 4.a), and the ones where M, ~
YgaY;bY$CY5j + }f}cY;bYé’aYO?j (l.c, l.e, 1.f, 1.g, 1.h, 2.b, 2.d, 2.f, 2.g, 4.b), where i,j =
1,2, 3 are the indices of the SM families, a, b and ¢ depend on the number of families for the
BSM fields and the Greek characters are just to mark that the Yukawas might correspond
to different interactions.

For the first case, if there is one generation per BSM fields then Y, is a constant C
and hence the neutrino matrix is given by (M,)"” ~ C (YT ij +Yi Tyi), in this scenario
there are two possibilities, either o = ~y, which implies that M, only has one nonzero
eigenvalue, or o # - which means that M, has two nonzero eigenvalues. In the second
case the Yukawas Y,; and Y. always connect three BSM fields and they must have the
same dimensions, which translates into the fields having the same number of generations.
If it is only one, then Y, ;Y;. is a constant, and similarly to the previous case the neutrino
mass is given by (M,)" ~ C (YT Y;sj + stjT Y}), which has one or two non zero eigenvalues
depending if & = § or not.

This can be resumed by the fact that if both Yukawa interactions for the external legs
connecting the SM charge lepton with BSM fields are the same, then one needs at least two
generations of each BSM field to be able to reproduce neutrino data, or three generations
if one wishes to reproduce three nonzero neutrino masses. If these Yukawa interactions are
different, then one BSM generation suffices (but two generations are necessary to have all
three nonzero neutrino masses).
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Higher loop diagrams could be use to generate the smallest of neutrino masses and
therefore reduce the number of BSM generations, but this calculation is beyond the scope
of this paper.

4 Conclusions

In this work we provided a list of genuine two-loop models for neutrino mass generation
where one of the internal messengers is a dark matter candidate. We obtained these two-
loop realizations of the Weinberg operator by adding only singlets or doublets of SU(2)_ to
the SM. Given the bounds set by direct detection experiments, DM will be either fermionic
or scalar singlets with null hypercharge, or a scalar doublet with ¥ = 1 (or a mixture of the
latter two). Moreover, we ensured the stability of the DM candidate by the introduction of
a Zp symmetry.

As it was shown, there are 20 different diagrams that generate genuine two-loop neutrino
masses via a Weinberg operator, one of these diagrams can not accommodate simultaneously
the restrictions on the fields and the existence of a DM candidate as a messenger leaving
19 different diagrams with results. Therefore we found in total 141 different sets which fill
our constrains, these models are generated via a total of 19 different diagrams which we
classify into two types, those with seven particles and those with six-particles, with two
subsections each, called categories. The results are compiled in Tables 2-8 for Category 1,
Tables 10-16 for Category 2, Tables 19-21 for Category 3 and finally in Tables 24 and 25
for Category 4.

A short discussion on some phenomenological aspects of the models has been presented
in section 3, it was mentioned the possibility of these models to have FCNCs if a scalar
(2,1,4), under SU(2). x U(1)y x Z», is present. We also mentioned how the models in this
paper can be discriminated by the use of doubly-charged particle signatures. Furthermore,
we included a short comment regarding the possibility of extending these models with
SU(2), triplets; this is simple to do but increases the number of models presented to an
unpractical amount. We noted the fact that most models only need one generation of BSM
fields to recreate neutrino data, but two generations might be necessary in some specific
cases or if one wants to have three non-zero eigenvalues for the neutrino masses.

Finally, we showed that for a particular set of parameters all the models fit the atmo-
spheric neutrino mass whose latest experimental result is placed around mg,, = 0.05 eV [1].
It was not our intention to show all the parameter space, nevertheless, given the multiple
free parameters of the models as well as the solutions we did find, we expect a reasonable
parameter space that allows for realistic neutrino mass spectra and a viable DM candidate.

A Integrals

In this appendix we explicitly write the integrals appearing in section 2. The integrals are
specified by the indices x, p, 7 and 7.
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For diagrams 1.a-1.f, 2.a-2.b, 3.a-3.b and 4.a the integral is of the form

¢ — 4 4 ¢
Iy = /d /f/d q (q2 —m2) (¢2 — m2) (g + k)% —m2) (2 —m2) (K2 —m2) (A1)

with x = {z, v, z, r, s}.
For diagrams 2.c-2.f the integral is given by

IS = /d4kz/d4q 5 ¢ > , (A.2)
(¢* —m3) ((q+ k)" —my)((q + k)" —mZ) (k* —m3) (k* —m3)
with p = {z, y, z, r, s} while for diagram 2.g the integral reads as

S 4 ¢
b /d k/d ! (@ = m2) ((q+k)* = m2) (g + k)? —m2)((¢ + k)* = m2) (k2 — m(?) ’ :
A3

with n = {z, y, z, r, s}. Finally for diagram 1.g, 1.h and 4.b it is given by

¢_ [ 4 ¢
5= [k e ) (6 —m2) (2 —m2) (2 —m) Y

with v = {z, y, 2, r, s}, where ( refers to 1, k2, ¢* and (¢ + k).
The solution to these integrals is computed in a model-independent fashion explicitly
in [37].

B Examples

B.1 Z; symmetry to forbid one-loop contributions

Diagrams 1.a, 1.b and 4.b have bilateral symmetry, i.e., if one draws a vertical line right
through the middle of the diagram there will be two mirror images on both sides of the
lines. In these three cases it is not necessary to consider the Z, assignments A and B of
Table 1, and only one suffices. Diagrams 1.c, 1.e and 1.f also have a bilateral symmetry
over an inclined line that also reduce the number of possible models. Nevertheless, that is
not the case for all other models, and the specific Z, assignment is not arbitrary and have
real physical consequences for the models.

To explain this in more detail we use an example, with no particular reason, we choose
a model from diagram 1.d, with @« = —2 and 8 = —1, as well as 47 under SU(2)_ assignment
as given by Table 1. With these quantum numbers we look at two different models: In one
we assign Z; charge to the fields in the left loop (Z, assignment A), and for a second model
the Z, charges are for the right loop (Z; assignment B). In Table 26 we show the particle
content for these models.
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| SU@)L | U()y | Zo (model 1) | Z, (model 2) |
1 -2 — +
1
1

Fermions

2 1 + —
9 +

2 -3 — +

9 — +

-1 — _

-1 + _

Scalars

2
2

Table 26. The quantum numbers for a set of particles to exemplify the importance of Z, charge
assignment: model 1 corresponds to assignment A while model 2 corresponds to B.

In Figure 6 we show the Feynman diagrams for the Majorana neutrino masses. In the
upper panel we show the main contribution given by a two-loop diagram 1.d, while in the
bottom panel we show the two main contributions, in red we marked the interactions in
the two-loop contribution that can be used to generate a one-loop. One can clearly see
that if one wishes to search for all possible models then the Z; assignment for the fields is
important and one can not just assign charges to one-loop.

(1,-2,+) (2,-1,-) (1,-2,-) 2,-1,4)

o ( . (1,-2,-

(2,-83+

v
P
N
L
'
N
—
2
i
n
T
N
~
w
.
.
.
.
N
.
=
n
iR
N

R R

P
IEEEEE LR

Figure 6. Example of two different models to explain the importance of Z, to forbid one-loop
contributions: (a) two-loop contribution from model 1 of Table 26 (Z, assignment A), (b) two-loop
contribution from model 2 of Table 26 (Z, assignment B), (c¢) one-loop contribution obtained from
model 2 (Z, assignment B).

Hence, as can be seen by this example the Z, not only stabilizes a DM candidate but
also helps to forbid contributions from one-loop or tree level.

B.2 A model with DM that does not contribute to neutrino mass

In section 2 it was mentioned that: "[...|we have excluded all of the models that, while
theoretically allow for a genuine two-loop neutrino mass and have a field that contains a
DM candidate, they do not have an electric neutral particle in the loop|...]". Since this
idea is difficult to grasp, we will explain it by using an example. In Figure 7 we show two
models both generate a Majorana neutrino mass at a genuine two-loop level with a diagram
of the type 1.d, the difference between them is that for the second one we have rescaled the
hypercharge of one of the loops by 2. On the left we show the diagrams constructed with
the fields and their SU(2). x U(1)y X Z numbers. On the right we show the same model
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and diagram but with the explicit field components for each vertex of the diagram. As can
be seen in both models there is a DM candidate given by a doublet scalar with hypercharge
Y =1, nevertheless in the first model the neutral component of the scalar doublet is the one
that participates in the loop, while in the second model is the charged component of this
doublet. Therefore, the second model does not have an explicit DM candidate contributing
to the neutrino mass.

L - (1v-2v+) - (2v-1 7_) _—— . H v I(F-)6 (F+)6I(F-)5 (F+)5 _— e lhO
' ' (87! 1(S%)s (F)4
(2,-3,+); y (2-1,0) (1,-2-) . "
: : RS T (S (F)e
H----L -------- | g —— Lc hO----L -------- | pp— v
(1!_2v+) (2v-1 7_) (S+)1 (87)1 (S+)2 (87)2
20 @8 @ e
: : (S '(S")s (F)a
(2,-3,+); (21, (1,-4,) " "
: : (S)ra HS)s F*)s
NG - Le = = e ke e e e e e cs e -- v
(1,-2,+) (2,-3,-) (S (S (S (S

Figure 7. Two models for two-loop diagram of Class 1.d: on the left-hand side we present the two-
loop filled with the generic particles (Y = —1 upper panel, Y = 1 lower panel) while on right-hand
side we specify in terms of their components.
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